Methylene blue (MB) was used as a model molecule to characterize the aqueous reactivity of 7 metallic iron in Fe 
Introduction 25
Permeable reactive barriers using elemental iron-based alloys (Fe 0 -based alloys widely termed as 26 zerovalent iron) as a reactive medium have been proven to be an efficient and affordable 27 technology for removing i norganics and organics species from groundwater [1] [2] [3] [4] [5] [6] [7] . Even living 28 species like viruses have been successfully removed [8] . Despite 15 years of intensive 29 investigations, the removal mechanisms of contaminants in Fe 0 treatment systems are still not 30 well und erstood [9, 10] . In fact, the well-established premise that contaminant removal results 31 from the low electrode potential of the redox couple Fe have mostly been evaluated as separate, independent processes that occur simultaneously or 45 sequentially on metal surfaces. However, contaminants may be primarily quantitatively 46 sequestered by in situ generated hydrous iron oxides (co-precipitation) [11, 12] . Initial corrosionproducts polymerise and precipitate, first as very reactive oxides having short-range crystalline 48 3 order and after aging as crystalline oxides [15] [16] [17] [18] . Subsequent abiotic direct reduction (electrons 49 are transferred from Fe 0 ) or indirect reduction (electrons from Fe II , H/H 2 ) of adsorbed or co-50 precipitated contaminants is possible. As a rule co-precipitation occurs whenever the 51 precipitation of a major species (e.g., iron oxide) takes place in the presence of foreign species 52 (e.g., contaminants) and has been documented for organics [16, 17, 19, 20] , inorganics [21] [22] [23] and 53 living species [8] under various conditions. Generally, adsorption and co-precipitation are 54 considered to be related such that in order for co-precipitation to occur, sorption to the surface of 55 a forming solid occurs and the adsorbed species is then sequestered in the matrix of the 56 precipitating phase (e.g. iron hydroxide). However, co-precipitation in Fe 0 /H 2 O systems may be 57 primarily regarded as a non-specific removal mechanism [11, 17] as to be demonstrated in this 58 study of a process involving the discoloration of methylene blue. 59
Methylene blue (MB) is a well-known redox indicator [24] and is a cationic thiazine dye with the 60 chemical name tetramethylthionine chloride. It has a characteristic deep blue colour in the 61 oxidized state; the reduced form (leukomethylene blue -LMB) is colorless. MB has been widely 62 used in environmental sciences primarily to access the suitability of various materials for 63 wastewater discoloration [25] [26] [27] [28] [29] The used granular activated carbon (GAC or AC from LS Labor Service GmbH -Griesheim) was 145 crushed and sieved. The particle sized fraction ranging from 0.63 to 1.0 mm was used without 146 further characterization. Granular activated carbon is used as porous adsorbent for MB [25, 26] . of "free" corrosion products which entrapped contaminants while polymerising and precipitating. 259 "Free" corrosion products are Fe-oxides generated in the vicinity of metallic iron grains. As long 260 as MnO 2 is reductively dissolved, Fe-oxides are generated at its surface or in its vicinity. 261
Thereafter, if co-precipitation is the primary mechanism of contaminant removal, no quantitative 262 removal could occur until enough free corrosion products are available t o entrap them while 263 ageing [36] . To confirm this statement the experiment presented in Fig. 2b is shown that powdered materials are more efficient in removing MB than granulated materials 289 (Tab. 1). The discoloration efficiency for granulated materials varies from 65% for ZVI7 to 80% 290 for ZVI2 (absolute values). That is 15% reactivity difference while the maximum standard 291 deviation for the triplicates in individual experiments was 8.5% (for ZVI12). Therefore, the Below this critical mixing intensity, the total surface area of the investigated particles is not 315 directly accessible for reaction and the rate of mass transfer depends strongly on stirring rate. 316
Kinetic studies aiming at distinguishing between diffusion-controlled and chemistry-controlled 317 processes have to be conducted at mixing intensities above this critical value [ obtain results relevant for groundwater conditions. Furthermore, working at mixing intensities 325 above 40 min -1 accelerates iron corrosion yielding more corrosion products which are equally 326 kept suspended in the reaction medium. In the course of corrosion products formation, 327 contaminants are entrapped in the matrix of iron oxides (co-precipitation). It is well know that 328 even low adsorbable species are readily removed from aqueous solutions when precipitation 329 occurs in their presence [16, 17, 20, 21 ]. As discussed above, MB discoloration mainly occurs 330 through co-precipitation with newly generated corrosion products (see above: "MB discoloration 331
by different agents and discoloration mechanism by Fe 0 "). MB discoloration by aged corrosion 332 products was insignificant (Fe 2 O 3 ) or very limited (Fe 3 O 4 ) . 333
Effect of the initial pH value 334
The effect of the initial pH on MB discoloration was investigated over the pH range of 1.5 to 335 10.0. The initial pH was adjusted by addition of 1.0 M NaOH or HCl. The experiments were 336 conducted under shaken conditions (100 min -1 ). The pH of the solutions was monitored at the end 337 of the experiments (24 and 48 h). The results are summarised in Fig. 4 . MB discoloration was 338 negligible when the final pH was lower than 4 (P < 10%). Once the finial pH exceeded this 339 critical value, MB quantitative discoloration occurred and the extent was pH-independent (60% 340 after 24 h and 76% after 48 h). This observation is consistent with the two main types of aqueous 341 iron corrosion under oxic conditions [64,65]: (i) hydrogen evolution type (pH < 4) and (ii) oxygen 342 absorption type (pH > 4). The characteristic feature of "hydrogen evolution corrosion" is the 343 liberation of hydrogen as hydrogen gas (H 2 ) at the cathode. Hydrogen evolution corrosion is 344 normally associated with acid electrolytes (e.g., acid mine drainage) and is not relevant for the 345 majority of groundwaters, unless the aquifer is strictly anoxic. The "oxygen absorption" type of 346 Fe 0 corrosion yielding more corrosion products for MB discoloration than in the reference system 381 (Fe 0 alone). Because this was not the case, the experiments reported in Fig. 5b were performed. 382
It can be seen that NaHCO 3 enhances MB discoloration for all tested concentrations. The 383 discoloration efficiency increased from 77% at 0.0 mM NaHCO 3 to 90% at 0.8 mM NaHCO 3 and 384 remains constant for higher NaHCO 3 concentrations (≤ 4 mM). In the experiments with CaCl 2 385
and CuCl 2 the initial discoloration rate of 77% first decreases to 70 and 64% respectively at an 386 additive concentration of 0.2 mM and subsequently increases to about 74% and remains constant. 387
However, for 4 mM CuCl 2 the discoloration efficiency (73% at 2 mM) drops to 30% at 4 mM 388 while the discoloration efficiency in the presence of CaCl 2 remains constant (74%). The 389 behaviour of the system with CuCl 2 was not further investigated but suggests that if Cu 2+ is 390 quantitatively produced in a Cu/Fe bimetallic system the reactivity of Fe 0 may be inhibited. This 391 18 issue is yet to be considered in the Fe 0 technology. Similarly, the comparatively low discoloration 392 efficiency observed in the system with 0.2 mM NiCl 2 (33% against 60% for CaCl 2 ) should 393 question the concept of using Ni and Cu as additive metals to form nickel bimetallic systems to 394 "improve the reduction capacity of Fe 0 " [28] . No such improvement could be observed in this 395 study (Fig. 5) . Discussing the validity of the concept of using bimetallics to improve Fe 
